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1
HYBRID PHOTONIC AND ELECTRONIC
INTEGRATED CIRCUITS

BACKGROUND

1. Technical Field

The present disclosure relates to fabrication, on a semicon-
ductor substrate, of microcircuits that carry electronic signals
in the same process with those that carry optical signals.

2. Description of the Related Art

For many years, microelectronic integrated circuits (ICs)
have been manufactured separately from photonic integrated
circuits (PICs). Microelectronic ICs are typically built on
silicon substrates. Photonic circuits are typically built on
other substrates such as those made from I1I-V semiconduc-
tors, including gallium arsenide (GaAs), indium phosphide
(InP), and the like, that have optical properties suitable foruse
in making semiconductor lasers for fiber optic communica-
tions. Thus, optoelectronic products, used for processing vis-
ible light signals such as, for example, waveguides, optical
detectors, optical amplifiers and the like, historically have
been made in separate factories from microelectronic prod-
ucts used for computation. Such products may include, for
example, transistor-based memories and processors of vari-
ous kinds such as microprocessors, specialized graphics pro-
cessors, signal processors, and the like.

In the past, combining optical and electrical signals on the
same IC chip has been done on a custom basis as opposed to
a mass production basis. However, with the intertwining of
digital processing and information storage with wireless
communication functions, there is now considerable interest
in mass-producing microcircuits that combine optical signal
paths and electronic signal paths on a common substrate.

BRIEF SUMMARY

A sequence of processing steps presented herein is used to
embed an optical signal path within an array of copper metal
lines, during fabrication of the same integrated circuit. In one
embodiment, using the techniques disclosed, it is not neces-
sary to mask electrical features while forming optical fea-
tures, and vice versa. Instead, optical and electrical signal
paths can be created substantially simultaneously in the same
mask patterning cycle. In other embodiments, some locations
where optical structures will be formed are masked when
forming electrical structures and vice versa. But even in these
embodiments, the electrical signal paths and the optical signal
paths are formed closely adjacent to each other in the same
semiconductor substrate. Such techniques thus increase effi-
ciency of the overall fabrication process and provide a sig-
nificant cost advantage.

In one embodiment, a variety of widths of the respective
features, optical signal paths being significantly wider than
electrical ones, is used advantageously. The process entails
use of a metal deposition step which tends to over-fill narrow
trenches formed in a high-k inter-layer dielectric, while only
partially filling wide trenches. Thus, in the same deposition
step, electrical signal paths are fully formed at the same time
as formation of an outer barrier to the optical signal path.
Subsequent processing steps complete formation of a core
optical path without introducing additional masks. Chemical-
mechanical polishing is used to remove material deposited on
top of metal lines. Finally, a silicon carbide/nitride (SiC,N,)
cap layer is blanket deposited to cover the electronic struc-
ture, and to complete the photonic structure. The resulting
hybrid microcircuit includes a densely patterned region of
narrow inlaid features adjacent to a wide inlaid feature.
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In one embodiment, the narrow inlaid features are copper
nanowires having widths and spacing in the range of, for
example, 30-40 nm, while the wide inlaid feature is an insu-
lated glass tube having a width in the range of about 100-300
nm, or about ten times wider than the nanowires. Alterna-
tively, the width of the optical signal transmission line can
also be much larger, for example, tens or hundreds of microns
wide. Such a structure can be inlaid according to a damascene
process in which trenches are etched in an ultra-low k inter-
layer dielectric (ILD) and subsequently filled with copper by
plating. Alternatively, a mask is formed over the optical path
during some or all of the metal forming step.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify simi-
lar elements. The sizes and relative positions of elements in
the drawings are not necessarily drawn to scale.

FIG. 1 is a high-level process flow diagram showing an
overview of a method of making a hybrid microcircuit struc-
ture, according to one embodiment.

FIG. 2A is a detailed process flow diagram showing a
sequence of process steps that can be used to create nanowires
adjacent to a partially-filled wide trench, according to one
embodiment.

FIGS. 2B-2D are cross-sectional views of profiles formed
by each of the process steps shown FIG. 2A.

FIG. 3A is a detailed process flow diagram showing a
sequence of process steps that can be used to create an optical
signal transmission line.

FIGS. 3B-3D are cross-sectional views of profiles formed
by each of the process steps shown FIG. 3A.

FIG. 4 is a cross-sectional view of a completed hybrid
microcircuit structure that can be used as a circuit element for
electronic-photonic applications.

FIG. 5 Is a cross-sectional view of the completed hybrid
microcircuit structure shown in FIG. 4, further showing rep-
resentative interconnects and an embodiment of a light
source.

DETAILED DESCRIPTION

In the following description, certain specific details are set
forth in order to provide a thorough understanding of various
aspects of the disclosed subject matter. However, the dis-
closed subject matter may be practiced without these specific
details. In some instances, well-known structures and meth-
ods of semiconductor processing comprising embodiments
of'the subject matter disclosed herein have not been described
in detail to avoid obscuring the descriptions of other aspects
of the present disclosure.

Unless the context requires otherwise, throughout the
specification and claims that follow, the word “comprise” and
variations thereof, such as “comprises” and “comprising” are
to be construed in an open, inclusive sense, that is, as “includ-
ing, but not limited to.”

Reference throughout the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the
appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification
are not necessarily all referring to the same aspect. Further-
more, the particular features, structures, or characteristics
may be combined in any suitable manner in one or more
aspects of the present disclosure.
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Fabrication of microcircuits generally entails performing a
series of deposition and patterning operations to build inte-
grated structures on a semiconductor substrate, one layer at a
time. Each layer is formed by growing or depositing a film on
the substrate, patterning a photo-sensitive mask using lithog-
raphy, and transferring the mask pattern to the film by etching.
Often, structures already formed on the substrate are pro-
tected by hard masks while new structures are created. Such
use of hard masks adds masking layers to the fabrication
process. Overall fabrication costs scale with the number of
layers used and the number of mask patterning cycles needed.
Lithography masks are expensive to design and to integrate
into an existing fabrication process. For these reasons, it is
generally advantageous to reduce the number of mask pat-
terning cycles if alternative processing schemes can be sub-
stituted.

Reference throughout the specification to integrated cir-
cuits is generally intended to include integrated circuit com-
ponents built on semiconducting substrates, whether or not
the components are coupled together into a circuit or able to
be interconnected. Throughout the specification, the term
“layer” is used in its broadest sense to include a thin film, a
cap, or the like.

Reference throughout the specification to conventional
thin film deposition techniques for depositing silicon nitride,
silicon dioxide, metals, or similar materials include such pro-
cesses as chemical vapor deposition (CVD), low-pressure
chemical vapor deposition (LPCVD), metal organic chemical
vapor deposition (MOCVD), plasma-enhanced chemical
vapor deposition (PECVD), plasma vapor deposition (PVD),
atomic layer deposition (ALD), molecular beam epitaxy
(MBE), electroplating, electro-less plating, and the like. Spe-
cific embodiments are described herein with reference to
examples of such processes. However, the present disclosure
and the reference to certain deposition techniques should not
be limited to those described. For example, in some circum-
stances, a description that references CVD may alternatively
be done using PVD, or a description that specifies electro-
plating may alternatively be accomplished using electro-less
plating. Furthermore, reference to conventional techniques of
thin film formation may include growing a film in-situ. For
example, in some embodiments, controlled growth of an
oxide to a desired thickness can be achieved by exposing a
silicon surface to oxygen gas or to moisture in a heated
chamber.

Reference throughout the specification to conventional
photolithography techniques, known in the art of semicon-
ductor fabrication for patterning various thin films, includes a
spin-expose-develop process sequence typically followed by
an etch process. Alternatively or additionally, photoresist can
also be used to pattern a hard mask such as a silicon nitride
hard mask, which, in turn, can be used to pattern an underly-
ing film.

Reference throughout the specification to conventional
etching techniques known in the art of semiconductor fabri-
cation for selective removal of polysilicon, silicon nitride,
silicon dioxide, metals, photoresist, polyimide, or similar
materials includes such processes as wet chemical etching,
reactive ion etching (RIE), washing, wet cleaning, pre-clean-
ing, spray cleaning, chemical-mechanical planarization
(CMP) and the like. Specific embodiments are described
herein with reference to examples of such processes. How-
ever, the present disclosure and the reference to certain depo-
sition techniques should not be limited to those described. In
some instances, two such techniques may be interchangeable.
For example, stripping photoresist may entail immersing a
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sample in a wet chemical bath or, alternatively, spraying wet
chemicals directly onto the sample.

Specific embodiments are described herein with reference
to planarized metal interconnect structures and photonic
structures that have been produced; however, the present dis-
closure and the reference to certain materials, dimensions,
and the details and ordering of processing steps are exemplary
and should not be limited to those shown. The term “pla-
narization” is used in its broadest sense, to include the term
“polishing” as one example of planarization. The term “pho-
tonic” is used as a counterpart to the term “electronic” to
describe miniaturized light circuits. The term “opto-elec-
tronic” refers to combinations of electronic and photonic
circuits and/or circuit elements.

In the figures, identical reference numbers identify similar
features or elements. The sizes and relative positions of the
features in the figures are not necessarily drawn to scale.

FIG. 1 shows generalized steps in a fabrication method 100
for producing a hybrid microcircuit structure, according to
one embodiment described herein.

At 102, an array of nanowires is formed for electronic
signal transmission. At the same time, a wide trench is formed
that is partially filled with metal.

At 104, within the wide trench, an optical signal transmis-
sion line is formed for photonic signal transmission.

Details of the fabrication method 100 are presented below,
with reference to FIGS. 2A-4D.

FIGS. 2A-2D describe and show details of the steps 102,
104 that are carried out to form a partially-filled wide trench
among narrow metal lines, as shown in FIG. 2D. Such a
structure can be formed in a variety of ways. Shown in FIG.
2B is an example of a dielectric layer 121, which has been
formed over a substrate 123. The dielectric layer 121 can be
any layer in which metal lines will be formed during the
semiconductor manufacturing process. In one embodiment,
the dielectric layer 121 is an inter-metal dielectric layer such
as a low-k dielectric, wherein k represents a dielectric con-
stant that characterizes the dielectric material. Such an inter-
metal dielectric layer may be located between metals 1 and 2,
metals 3 and 4, or other metal interconnect layers, for
example. In other embodiments, the baser layer 121 is a
combined set of layers formed prior to a first metal intercon-
nect layer. In such an example, the baser layer 121 can include
a monocrystalline semiconductor substrate which has been
overlaid with multiple layers. Such layers can include layers
of oxides, nitrides, gate electrodes made of polysilicon or
metal, sidewall spacers, contact openings, or other transistor-
level features that are commonly formed before the first metal
layer. The substrate 123 can also be made of, for example,
silicon carbide-nitride SiC,N,, having a thickness of about
15-32 nm.

At 122, the dielectric layer 121 is formed as a thick ultra-
low-k (ULK) dielectric on the substrate 123. In the embodi-
ment shown, the ULK dielectric desirably has a dielectric
constant, k, in the range of about 2.0-3.0 and a thickness target
of about 200 nm.

At 124, an array of narrow trenches 125, encompassing a
wide trench 127, is patterned in the dielectric layer 121 by
conventional lithography and reactive ion etching (RIE) pro-
cesses. This is the only such lithography patterning step
needed in the process disclosed herein. In some embodi-
ments, other lithography patterning steps might be used, but
in its simplest form, this process is permitted to be fully
carried out by using only a single photolithographic step,
which makes this technique low cost and very simple. Sub-
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sequent processing entails deposition and chemical-mechani-
cal planarization operations, but no further lithography is
needed.

The resulting irregular surface features, as shown in FIG.
2C, may also be formed by depositing and etching to create
non-uniform layers of significantly different heights, for
example gates formed over a substrate, sidewall spacers adja-
cent the gates, gate electrodes overlying the gates, and further
insulation layers overlying such gate electrodes; all of which
are adjacent to openings to a silicon semiconductor substrate,
which is another technique by which surface structures hav-
ing different heights may be formed.

Patterning the dielectric layer 121 generally produces the
narrow trenches 125 and the wide trench 127 in close prox-
imity to one another within a common die. In one embodi-
ment, the depths of the narrow trenches 125 and of the wide
trench 127 are in the range of about 30-100 nm so that the
narrow trenches 125 have a high aspect ratio, for example,
about 3:1. For example, for a 20 nm technology node, the
target trench depth is 68 nm while for a 10 nm technology
node, the target trench depth is 52 nm. The line widths and
spaces, or pitch, of the narrow trenches 125 are 40 nm for a 20
nm technology node and 32 nm for a 10 nm technology node.
A representative width of the wide trench 127 is within the
range of about 200-2000 nm.

At 126, a conformal, thin trench liner 129 is deposited in
the narrow trenches 125 and in the wide trench 127. The
trench liner 129 forms a barrier between the ULK material
and the trench fill material to be deposited next. The trench
liner 129 can include two layers, for example, a bottom layer
made of titanium nitride (TiN) that adheres well to the ULK
dielectric material of the dielectric layer 121, and a top layer
made of tantalum nitride (TaN) that provides a barrier to
subsequent deposition of a copper interconnect layer. Such a
two-layer trench liner 129 can have a representative total
thickness of 8-10 nm.

At 128, a metal plating process is carried out to overfill the
narrow trenches 125 by about 50-100% to form nanowires
130 while only partially filling the wide trench 127 by about
25-50% with a trench fill material 131, as shown in FIG. 2D.
The trench fill material 131 in the embodiment shown is
desirably a metal suitable for use as a nanowire interconnect
material. Such metals include, for example, copper, alumi-
num, tungsten, silver, gold, titanium, platinum, tantalum, or
combinations thereof. Combinations of such metals include
layered metal stacks or alloys. The trench fill material 131
tends to fill up the narrow trenches 125 first, resulting in an
over-fill, while the wide trench 127 remains only partially
filled. Thus, the hybrid structure, after metal deposition,
exhibits an irregular surface 133 having different character-
istic thicknesses of metal corresponding to the respective
narrow trenches 125, and wide trenches 127, respectively.
Thus, the thickest areas, namely the tallest metal layers, of the
irregular surface 133 correspond to patterned regions having
the narrowest features, and the thinnest areas of the irregular
surface 133 correspond to patterned areas having the widest
features.

The trench fill process can be a plasma deposition process
such as chemical vapor deposition (CVD) or plasma vapor
deposition (PVD). Alternatively, the trench fill process can be
aplating process such as electroplating or electro-less plating.
The filling process is desirably targeted to achieve at least a
desired thickness of the wide inlaid features. The deposition
process of the metal is preferably conformal to ensure that all
the features of the various trenches are completely filled.
Even though the deposition is preferably conformal, because
of'the variations in the widths of the trenches and the disparity
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in height between adjacent features, the deposition may not
be fully conformal, and may be thicker on bottom surfaces
than on side surfaces. This may result in further emphasizing
the differences in height of the various surface features, fur-
ther increasing the unevenness and irregularity of the upper-
most surface.

In one embodiment, the plating process includes deposit-
ing a copper seed layer followed by a bulk copper layer. Fora
20 nm technology node, the copper can be raised above the
top of a 68 nm trench by an additional metal overfill 132
within the range of about 30-60 nm, while a trench metal
thickness 134 measures around 50 nm or less, in the range of
about 30-60 nm.

FIGS. 3A-3D describe and show details of the step 106 in
which a optical line 147 is formed for optical signal transmis-
sion.

At 142, a first optical cladding layer 143 is deposited over
the irregular surface 133, as shown in FIG. 3B. The first
optical cladding layer 143 is deposited as a conformal layer
that forms three sides of an optical cladding that will surround
an optical core. In one embodiment, the first optical cladding
layer 143 is made of an insulating material that is substan-
tially conformal with the underlying trench fill topography. In
one embodiment, composition of the first optical cladding
layer 143 is a nitride film such as a silicon carbide-nitride
(SiC,N,) having a thickness within the range within the range
of about 30-50 nm. Other insulating silicon nitride composi-
tions can also be used, as well as insulating materials that
deposit substantially conformally. There are a number of
optical cladding materials known in the art, and any that can
be deposited in a conformal manner on a substrate are accept-
able.

At 144, an optical core layer 145 is deposited so as to fill the
wide trench 127, as shown in FIG. 3C. In one embodiment,
the optical core layer 145 is made of silicon dioxide (Si0,),
polysilicon, or a similar transparent material suitable for
transmission of light. The optical core layer 145 is selected to
have an index of refraction n, that is less than the index of
refraction n, of the cladding material, so as to satisfy a con-
dition (1) for total internal reflection (TIR),

0 _=arcsin(n,/n,),

M

asis well known by those skilled in the art of opto-electronics.
According to the TIR condition (1), 6, is a critical angle of
incidence needed to contain light within the core material. If
the cladding material is SiC,N, for example, values of x and
y that determine a ratio of silicon carbide to silicon nitride,
can be adjusted to tune the index of refraction n, of the
cladding material relative to n, so that the TIR condition (1) is
satisfied.

Other transparent materials may be used for the optical
core layer 145, taking into account the material selected for
the cladding layer 143, and being able to deposit the optical
core material on a substrate. The optical core layer 145 can be
deposited in either a conformal layer or a non-conformal
layer. The object is to fully fill the wide trench 127 with the
optical core layer material 145.

At 146, a CMP process is performed in which the optical
core layer 145, the first optical cladding layer 143, and the
metal overfill 132 are removed over the nanowires 130, as
shown in FIG. 3D. The CMP process can entail use of a slurry
made from silica and hydrogen peroxide (H,0,), and a soft
polish pad. In one embodiment, step 146 can be performed as
a three-step CMP in which separate timed steps, or separate
end-pointed steps are used to remove the optical core layer
145, the first optical cladding layer 143, and the metal overfill
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132 in succession. For example, such a three-step planariza-
tion process can be carried out as follows:

At 1464, the upper, exposed portion of optical core layer
145 is removed by polishing the core layer material to stop on
the first optical cladding layer 143 in the regions over the
nanowires 130.

At 1465, the first optical cladding layer 143 is polished to
stop on the metal overfill 132 over the nanowires 130.

At 146¢, the metal overfill 132 is polished to stop on the
ULK dielectric, dielectric layer 121. Such polishing may also
remove an upper portion of the nanowires 130.

A touch CMP process can further be performed to gently
remove remnants of the metal overfill 132. The touch CMP
process can be a brief surface polish in which the polish pad
rotation speed and pressure are set to relatively low values to
remove residual amounts of material while limiting the
degree of surface abrasion. Alternatively, a touch clean can be
substituted for the touch CMP process. The touch clean can
use, for example, a wet clean chemistry that includes hydrof-
luoric acid (HF) diluted with de-ionized water (DI) in a
1000:1 ratio (DI:HF). Alternatively, the chemistry of the etch
slurry in the CMP etch may be changed to be less aggressive
in etching the metal overfill 132. For example, the first etch
chemistry of the first CMP etch as carried out in step 146a
may be an aggressive, high pressure etch that etches almost all
surface features evenly, namely the optical core layer 145, the
first optical cladding layer 143, and the metal trench fill
material 131 are etched at a generally uniform rate by the first
CMP process 146a. This first CMP process 1464 continues
until a selected etch stop time has elapsed. i.e., as a timed etch
that will stop after a selected time interval. Alternatively, the
first CMP process 146a may be an end-point etch that is
designed to stop upon reaching a selected feature, such as
detecting a presence of the material in the dielectric layer 121
as being released, or some other end point indicating that the
aggressive CMP is to be concluded, and a light CMP, (also
referred to herein as a touch CMP), process is then to be
carried out. As mentioned, the second CMP process 1465
may have a chemical composition which is different from that
used in 1464, which is not as aggressive in etching the first
optical cladding layer 143. Therefore, during the second
CMP step 1465, removal of the first optical cladding layer 143
is predominantly carried out by the polishing aspect of the
CMP process rather than by the chemical aspect of the CMP
process. A final planar surface, shown in FIG. 3D, is thus
achieved without much, if any, chemical etching of the metal
overfill 132. Because the metal overfill regions are polished
mechanically, and not subject to chemical removal, gouges
and associated puddle defects are prevented.

Alternatively, the use of a multistep CMP process at 146 is
not required, according to one embodiment of the invention.
In one embodiment, a CMP process is used that etches
through the top three layers in a single etch step. Such a CMP
process is preferentially chemically selective to the ILD 121.
Such a single etch step can be carried out in a somewhat
aggressive fashion against the optical core layer 145, the first
optical cladding layer 143, and the metal overfill 132 until
chemical elements of the ILD 121 are detected, or until a
timer has run out.

At 148, a second optical cladding layer 147 is deposited on
the top planarized surface shown in FIG. 3D. The second
optical cladding layer 147 is made of the same material as the
first optical cladding layer 143, for example, SiC,N,. The
second optical cladding layer 147 provides a fourth side of
optical cladding on the upper surface of the hybrid microcir-
cuit structure to enclose the optical path. With the second
optical cladding layer 147 in place, the optical core layer 145

10

15

20

25

30

35

40

45

50

55

60

65

8

is surrounded by the cladding material, which ensures that
light does not escape the optical core layer 145. Meanwhile,
the second optical cladding layer 147 also provides an insu-
lating cover for the nanowires 130.

FIG. 4 shows a cross-sectional device profile of a com-
pleted hybrid microcircuit structure 150 that is operable to
transmit both electric and photonic signals. According to one
embodiment disclosed herein, only one lithography step was
used to make the hybrid microcircuit structure 150. Such a
structure takes advantage of the fill characteristics of adjacent
trenches that have disparate trench widths, as shown in FIG.
2C. The tendency for the wide trench to be under-filled allows
an opportunity for embedding the optical signal transmission
line in the metal trench fill material 131. Fabrication of the
hybrid microstructure 150 as described above provides an
efficient and cost-effective way to integrate electronic and
photonic circuit elements on the same chip to support a vari-
ety of applications.

One application for such a hybrid microcircuit structure
relates to an alternative method of electrically testing inte-
grated circuits. A conventional way of performing in-line
electrical testing of an integrated circuit chip is to probe the
integrated circuit chip via a designated array of metal probe
pads. The metal probe pads are electrically coupled to various
test points along metal interconnects within the integrated
circuit chip. The prober makes electrical contact with the
probe pads by positioning a set of metal prober pins on the
probe pads. The metal pins tend to cause microscopic
scratches on the pads, causing metal protrusions on the pad
surface. Such metal protrusions can later release unwanted
metallic components during downstream processing steps
following the in-line electrical testing step. The metallic com-
ponents can poison the chemical environment of the down-
stream processing steps, thus modifying the downstream pro-
cess in an undesirable and uncontrolled fashion.

A method of repairing probe pad damage by using a CMP
technique is described in U.S. Pat. No. 8,324,622 to the
present inventor. Alternatively, replacing the metal prober
pins with an optical probe would eliminate entirely the metal-
to-metal contact at the probe pads, thereby preventing forma-
tion of metal protrusions. Thus, instead of in-line electrical
testing, in-line optical testing could be used, with significant
advantage, by replacing the metal probe pads on the inte-
grated circuit chip with one or more hybrid microcircuit struc-
tures as described herein.

The plane of the cross-section cut shown in FIG. 4 does not
show connections to the completed hybrid microcircuit struc-
ture 150 for inputting and outputting signals.

FIG. 5 illustrates how external and internal connections
can be made to the hybrid microcircuit structure 150 in one
embodiment, for example, to be used in a probe application as
described above. FIG. 5 shows the hybrid microcircuit struc-
ture 150 in cross-section, wherein the cross-sectional cut
plane shown in FIG. 5 is at a different location along the
optical line 147 than the cross-sectional cut plane shown in
FIG. 4. In FIG. 5, a light input port 151 is shown in which a
photonic light source 152 is indicated which can be placed at
the end of the optical line 147. The photonic light source 152
can be, for example, a light-emitting diode (LED), a laser
source, or an illuminated end of another optical fiber. A signal
connection 154 supplies a control signal to the photonic light
source 152. The signal connection 154 can be external as
shown, or integrated with the substrate 123 or films thereon,
wherein a dielectric layer may separate the signal connection
154 from the cladding layer 149. The signal connection 154
can be an electrical wire or an optical fiber, such that the light
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input port 151 couples light from one or more other optical
waveguides into the optical line 147 that is part of the hybrid
microcircuit structure 150.

The nanowire 130 can be coupled to other electronic com-
ponents integrated with the substrate 123 via an integrated
metal line 156. Additionally, the nanowire 130 can be coupled
to external components via, for example, a pad 158, coupled
to an external wired signal connection 160. The signal con-
nections 154 and 160 generally represent interconnects to the
photonic and electronic circuit elements, wherein the inter-
connects can be configured differently than in the example
shown.

The various embodiments described above can be com-
bined to provide further embodiments. All of the U.S. patents,
U.S. patent application publications, U.S. patent applica-
tions, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or
listed in the Application Data Sheet are incorporated herein
by reference, in their entirety. Aspects of the embodiments
can be modified, if necessary to employ concepts of the
various patents, applications and publications to provide yet
further embodiments.

It will be appreciated that, although specific embodiments
of'the present disclosure are described herein for purposes of
illustration, various modifications may be made without
departing from the spirit and scope of the present disclosure.
Accordingly, the present disclosure is not limited except as by
the appended claims.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, in the
following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The invention claimed is:

1. A hybrid microcircuit structure, comprising:

a semiconductor substrate having a top surface;

a dielectric layer in contact with the top surface of the

semiconductor substrate;

a plurality of first wires positioned in the dielectric layer,
the first wires not in contact with the substrate, the first
wires operable to transmit electric signals in a direction
substantially parallel to the top surface of the semicon-
ductor substrate;

a second wire positioned in the dielectric layer adjacent to
the plurality of first wires; and

an optical line operable to transmit photonic signals, the
optical line inlaid in the second wire so as to form a
structure in which the optical line is contiguous with the
second wire the optical line operable to transmit optical
signals in a direction substantially parallel to the top
surface of the semiconductor substrate.

2. The hybrid microcircuit structure of claim 1 wherein the

first wires include nanowires.

3. The hybrid microcircuit structure of claim 2 wherein at
least some of the nanowires have a height within a range of
about 30-100 nm.

4. The hybrid microcircuit structure of claim 2 wherein the
nanowires include a metal liner and a bulk metal.

5. The hybrid microcircuit structure of claim 4 wherein the
metal liner includes two or more metal layers having a com-
bined thickness of about 8-10 nm.

10

15

20

25

30

35

40

45

50

55

6. The hybrid microcircuit structure of claim 5 wherein the 65

metal layers include a bottom metal layer made of TiN and a
top metal layer made of TaN.
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7. The hybrid microcircuit structure of claim 1 wherein the
first and second wires include one or more of copper, alumi-
num, tungsten, silver, gold, titanium, platinum, tantalum, or
combinations thereof.

8. The hybrid microcircuit structure of claim 1 wherein the
optical line includes a core layer having a core index of
refraction, surrounded by a cladding layer having a cladding
index of refraction.

9. The hybrid microcircuit structure of claim 8 wherein the
core index of refraction exceeds the cladding index of refrac-
tion so as to permit total internal reflection of a photonic
signal within the core layer.

10. The hybrid microcircuit structure of claim 8, further
comprising an insulating cap covering the plurality of elec-
trically conducting wires.

11. The hybrid microcircuit structure of claim 10 wherein
the insulating cap is made of a material substantially similar
to the cladding layer.

12. A hybrid electronic-photonic integrated circuit, com-
prising one or more hybrid microcircuit structures according
to claim 1, integrated with one or more other microelectronic
structures.

13. An integrated circuit, comprising:

a dielectric layer in contact with a silicon substrate having

a top surface;

an array of metal lines formed in the dielectric layer, the
metal lines providing a signal path for electrical signal
propagation in a direction substantially parallel to the
top surface;

a waveguide formed in the dielectric layer adjacent to the
array of metal lines, an outer region of the waveguide
being filled with metal, and contiguous to an inner
region of the waveguide configured as an optical signal
transmission line providing a signal path for optical
signal propagation in a direction substantially parallel to
the top surface.

14. The integrated circuit of claim 13 wherein the optical
signal transmission line includes an optical core surrounded
by an optical cladding, the optical cladding separating the
optical core from the metal in the outer region of the
waveguide.

15. The integrated circuit of claim 13 wherein the optical
core and the optical cladding have angular cross-sectional
profiles.

16. The integrated circuit of claim 13, wherein the nanow-
ires are operable to transmit electronic signals at substantially
the same time that the waveguide is operable to transmit
photonic signals.

17. The integrated circuit of claim 13, wherein the optical
signal transmission line is located between two of the metal
lines.

18. A hybrid microcircuit structure, comprising:

a semiconductor substrate;

a dielectric layer overlying the semiconductor substrate;

aplurality of electrically conductive wires positioned in the
dielectric layer, the wires operable to transmit electric
signals, the wires comprising a first wire and a second
wire, the second wire being wider than the first wire; and

an optical line operable to transmit photonic signals, the
optical line inlaid in the second wire, the optical line
being contiguous with at least part of the second wire, an
upper surface of the optical line being co-planar with at
least a portion of an upper surface of the second wire.

19. The hybrid microcircuit structure of claim 8 wherein
the optical line, including the core layer and the cladding
layer, has a width within a range of about 200-2000 nm.
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